The redox processes of quercetin in acidic medium (pH 1.8) were investigated on a graphite-wax electrode by cyclic voltammetry, potential-controlled UV/Vis spectra and derivative cyclic voltabsorptometry. A long-optical-path thin-layer cell was used for the spectroelectrochemical measurements. A stable quinonic product with a united conjugated structure was found to form at the first anodic peak or higher potentials via an EC mechanism, and was non-electroactive unless oxygen evolution potential was reached. Quercetin both in the free solution and pre-adsorbed on electrodes participated in the reaction at the first anodic peak, and the contribution of species in solution to total current was estimated. The subsequent anodic peaks as well as all the cathodic peaks were adsorption waves corresponding to the further redox of the adsorbed intermediates. The results demonstrate that cyclic voltabsorptometry in a long-optical-path cell is a feasible method for the analysis of electrochemical processes coupled with adsorption and homogeneous chemical transitions.
Introduction
Flavonoids are a group of polyphenolic compounds widely distributed in vegetables, fruits and other plants. The oxidation of flavonoids is of great interest because of their action as antioxidants with the ability to scavenge superfluous superoxide free radicals in the human body. 1 Quercetin is one of the most abundant flavonoids in the human diet. Many electrochemical studies have been performed for quercetin, including the electrochemical determination, 2 oxidation mechanism, 3, 4 metalchelating properties 5 and interaction with DNA. 6 The present work focuses on the electro-oxidation mechanism analysis of quercetin that has been reported to be complex, pH-dependent and adsorption-involved. 3 An acidic medium was selected, with a pH of 1.8 close to stomach acid levels.
Spectroelectrochemistry has been proved to be a powerful method for the study of electrochemical mechanisms. Since 2004 cyclic voltabsorptometry has received more attention than before; it has been used mostly to investigate the redox processes within conducting polymer films 7, 8 or protein films 9, 10 on indium-tin oxide optical transparent electrodes. This method can separately monitor the specific absorbing species involved in the electrochemical processes by setting different characteristic wavelengths, therefore is very applicable to complicated electrochemical systems. In addition, a derivative cyclic voltabsorptogram (DCVA), with a shape similar to that of the corresponding cyclic voltammogram (CV), allows direct comparison between the two. In this work spectroelectrochemical measurements were made in a home-made long-optical-path thin-layer cell, which allowed an opaque working electrode to be used and the species in the thin-layer chamber to be monitored. In this case the optical signals can reflect the potential-dependent changes in concentrations of the species in solution near an electrode (not involving the same as those species adsorbed on the electrode surface). The recorded voltabsorptometric data are the results of different species superposed on each other, which have been resolved into the contributions of individual species in free solution by a locally-designed computer program.
Experimental
Reagents and chemicals All chemicals were from Shanghai Chemical Works. Quercetin is a reagent-grade material. Spectrograde graphite powder (320 meshes) was used for construction of graphite-wax electrodes. Doubly-distilled water from an all-glass distillatory apparatus was used. High pure N2 was used for solution deaeration. All other chemicals were of analytical grade. B-R buffer of 0.2 M containing 0.5 M KCl was prepared as supporting electrolyte. A stock solution of 0.5 mM quercetin was prepared with ethanol as solvent and stored at 4˚C in a refrigerator. Before use, the stock solution was diluted to various desired concentrations with buffer supporting electrolytes.
Apparatus
UV/Vis absorption spectra and chronoabsorptometric data were measured using a Model UV-2500 spectrophotometer with UV probe data software (Shimadzu, Japan). The long-opticalpath thin-layer spectroelectrochemical cell (SE-cell) is a standard quartz photometric cell of 10 mm optical path length, in which a three-electrode system is assembled. 11 The working electrode is a quadrate graphite-wax (5:2 w/w) electrode (GWE) 374 ANALYTICAL SCIENCES MARCH 2009, VOL. 25 with a geometrical area of 80 mm 2 , used along with a platinum grid counter electrode (CE) and a Ag/AgCl/KCl sat reference electrode (RE). The SE-cell is divided into three compartments: the RE chamber, the middle thin-layer and the CE chamber, by using two parallel separators: one is the GWE with a small side hole as reference channel, and another is a PTFE plate with nine f0.1 mm holes as current channels. The thickness and volume of the thin layer were 0.2 mm and 16 mL, respectively. The light parallel to the separators goes through the thin-layer electrolyte solution on the GWE surface. The time constant of the SE-cell was less than 1 ms in 0.5 M KCl solution; the cell was characterized by chronoamperometric experiments.
Electrochemical measurements were carried out on a Model CHI 660 electrochemical analyzer (CHENHUA, Shanghai, China). A disk GWE with a smaller geometrical area of 12 mm 2 was used for the common cyclic voltammetry. The GWE was selected because of its advantages of low background currents, low noise and fast base line stabilization.
Procedure
Before experiment the electrolytic cell was washed with water and ethanol successively for 1 min under ultrasonication. Quercetin solutions were bubbled with N2 for about 15 min to remove dissolved oxygen before being put into the cell. The GWE was degreased before each run by repetitive cyclic scans between -1.5 and 1.5 V in 1.0 M KCl water-ethanol solution, until only the background current remained. All the experiments were carried out at room temperature (22 ± 1˚C).
For spectroelectrochemical experiments, a 1.0 ml portion of quercetin solution was injected into the SE-cell through the thinlayer chamber and then infiltrated into the two side chambers, ensuring there were no gas bubbles in the thin layer compartment. The UV/Vis absorption spectra were measured while the thin-layer solution was electrolyzed at a steady potential. Cyclic voltabsorptograms were recorded at certain wavelengths to follow the concentration changes of species in the thin layer solution. Because of the strong adsorption of quercetin on GWE, pre-accumulation was always performed at the initial potential for 60 s before each CV run.
Results and Discussion

Cyclic voltammetry
Cyclic voltammograms of quercetin (Qu) in B-R buffered solutions were recorded at GWE in a conventional cell. The CV curves at pH 1.8 and scan rate of 5 mV s -1 ( Fig. 1 ) exhibited a well-shaped oxidation peak (A1) at 0.50 V, followed by two less intense but wider peaks at about 0.70 V (A2) and 0.90 V (A3). Two reduction peaks, C1 and C2, appeared at about 0.44 V and 0.17 V, respectively. The former is the counterpart of anodic peak A1 (see curve 1), while the latter corresponds to the peaks A2 and A3. The relatively low peak currents of C1 and C2 indicate a low degree of reversibility of Qu oxidation. The peak C2 was extremely wide, suggesting the complexity of the oxidation products formed in peaks A2 and A3.
The scan-rate dependence of the first redox couple A1/C1 was examined (data not shown). With increasing scan rate v, the cathodic/anodic peak current ratio ip,C1/ip,A1 increased obviously, in agreement with an electrochemical-chemical (EC) mechanism. The ip,A1 vs. v 1/2 dependence showed a parabola, and only when v > 50 mV s -1 did ip,A1 vs. v present a linear variation. Perhaps both diffusion and pre-adsorption contributed to the total oxidation current, the latter predominating when v > 50 mV s -1 .
Spectral changes at different potentials
Figures 2a -c show the UV/Vis spectral changes of Qu before and after electrolysis at three different potentials in the SE-cell. Before electrolysis, Qu exhibits two strong absorption bands at 369 nm (band I) and 255 nm (band II). These two characteristic bands of flavonoids have been assigned to the B-ring portion (cinnamoyl system, band I) and the A-ring portion (benzoyl system, band II), 12 respectively.
After a potential of 0.50 V (at peak A1) was applied, both bands I and II decreased until they disappeared; simultaneously, a new band at 293 nm (band III) increased in size (Fig. 2a) . The appearance of two isosbestic points at 272 and 329 nm confirmed that only two absorbing species (quercetin and one oxidation product) were present in the thin-layer solution. The peak A1 has been attributed to oxidation of the 3¢,4¢-dihydroxyl groups via a 2e -/2H + transfer process, 3 leading to an o-quinonic structure. The band III at 293 nm has been considered to be indicative of the quinonic structure. 13, 14 The 3¢,4¢-o-OH groups present in flavonoid molecules generally intensify the absorption at band I but weaken the absorption at band II; as observed in our previous work for rutin, 11 the quinonization of 3¢,4¢-o-OHs led to a large decrease of band I along with a slight rise of both bands II and III. Therefore, the spectral changes shown in Fig. 2a can not be assigned to the formation of quercetin-o-quinoid (Qu-o-Q), which should be only an intermediate. In Fig. 2a the two conjugated systems in parent Qu (corresponding to bands I and II) appear to merge into a united conjugated system (corresponding to band III) over the three carbon rings, probably via a chemical transition following the electron transfer: In fact, Qu-o-Q may isomerize to a p-quinone methide 14, 15 (shorted as QuQ), which we here consider a possible quinonic product with a stable united conjugated structure. The 3-OH group at C-ring is crucial for this isomerization; therefore, we can understand that upon oxidation kaempferol with 3,4¢,5,7-OHs showed the spectral changes 14 similar to that of Qu, whereas luteolin 14 and rutin 11 lacking the 3-OH group did not.
The dynamic spectra at potentials of peaks A2 (data not shown) and A3 (Fig. 2b) show the nearly same changes as in Fig. 2a . At peaks A2 and A3 Qu underwent further oxidation of the OH groups at other positions. 3 Generally, hydroxyl groups at the carbon rings of flavonoids have more or less influences on their characteristic UV bands in both intensity and wavelength, depending on the position and number of OH groups. Upon oxidation of the OH groups at different positions, the UV bands can be expected to show different changes in intensity and/or wavelength, as we have observed for rutin. 16 The nearly identical spectral changes at peaks A1 -A3 suggest that the final species QuQ formed in peak A1 via the EC mechanism could also form and was electrochemically stable in peaks A2 and A3. The QuQ in solution, with a united conjugated structure as revealed by UV/Vis spectra, was formed homogeneously from the isomerization of the electrogenerated intermediates once the latter was desorbed from the electrode surface into solution. Thus the peaks A2 and A3 could be attributed to the further oxidation of the intermediates that was still adsorbed at the electrode surface.
The dynamic spectra (Fig. 2c ) at 1.2 V (in O2-evolution range) show that the band III at 293 nm increased in intensity at first to a certain extent, and then decreased slowly and continuously. This indicates that the united conjugated structure present in QuQ was gradually destroyed at such high potentials.
Derivative cyclic voltabsorptometry of the first redox process
Multi-cycle cyclic voltabsorptograms (CVA) were recorded at two wavelengths, 369 and 293 nm, in the SE-cell containing 0.1 mM quercetin (pH 1.8). Figure 3a shows two CVA curves recorded at 5 mV s -1 between 0.25 and 0.55 V for investigating the first redox process. In the potential range of peak A1, the absorbance at 369 nm (A369) decreased whereas the absorbance at 293 nm (A293) increased, indicating the decrease in concentration of Qu and the increase of QuQ. From the CVA data in Fig. 3a derivative cyclic voltabsorptograms (DCVA) were obtained (Fig. 3b) , in which only one derivative peak appeared: A1¢369 at 0.50 V and A1¢293 at 0.52 V, corresponding to the voltammetric peak A1. The peak potential of A1¢369 was more negative than that of A1¢293 by 0.02 V, that is, the latter appeared behind the former by about 4 s, in agreement with the formation of QuQ posterior to the consumption of Qu. However, few changes in absorbances were observed in the potential range of the cathodic peak C1, suggesting that the peak C1 was nearly only concerned with the adsorbed intermediates, that is, the final product QuQ formed in solution was nonelectroactive at peak C1. This is supported also by the fact that the DCVA peaks markedly decreased in heights with increasing numbers of scan cycles.
Because of the superposition of the absorption bands of Qu and QuQ, the DCVA data should be resolved in order to distinguish the contributions from each species in solution. Based on Lambert-Beer's law and Faraday's law we can obtain the rate equations in current form for Qu and QuQ in solution, iQu(sol) and iQuQ(sol), respectively:
where c is the molar concentration of the species in solution, n is the number of electrons transferred (n = 2), F is the Faraday constant, V is the volume of the thin layer (16 mL), l is the optical path length (1 cm), e is the molar extinction coefficient, ; e293,QuQ = 1.810 ¥ 10 7 cm 2 mol -1 (All e values were measured in the same medium as in Fig. 3 ). The rate of According to Eqs. (1) and (2) we derived "CV" curves ( Fig.  3c ) of Qu and QuQ in free solution from the DCVA data in Fig.  3b . As expected, the obtained "CV" curves show only one anodic peak A1, which markedly decreased in height with increasing numbers of scan cycles. The peak current data of A1 in Fig. 3c are listed in Table 1 along with the data obtained at other scan rates, for comparison with the total peak current of A1. The latter were obtained from the corresponding measured CV curves, involving the contributions from both Qu in solution and Qu pre-adsorbed. From Table 1 conclusions can be drawn, as follows:
At the slow scan rate of 2 mV s -1 , the ratio ip,Qu(sol)/ip,tot = 0.84 means that the oxidation current was mainly due to the diffusion contribution from Qu in solution. On the other hand, the ratio ip,QuQ(sol)/ip,tot = 0.83 indicates that most of the intermediate species transformed to QuQ via the subsequent chemical transition.
The diffusion contribution (ip,Qu(sol)/ip,tot) decreased with increasing scan rate, that is, the adsorbed Qu predominated in the reaction under faster scans. At 50 mV s -1 only about 23% of the total current was from the contribution of Qu in solution, in agreement with the linear dependence of peak current ip,A vs. scan rate v when v > 50 mV s -1 .
The ratio ip,QuQ(sol)/ip,tot decreased with increasing scan rate, because there was less time for the subsequent transitions during faster scans. As a rough estimate, only 16% of the intermediate transformed to the final product at the scan rate of 50 mV s -1 . Figure 4a shows the multi-cycle CVA curves recorded between 0.0 and 1.0 V for investigating the subsequent redox of Qu. After the potential reached the CV peak A1 in the positive-going scan, A369 decreased whereas A293 increased, both tending to their respective stable values. Only in the first positive scan were remarkable changes in absorbance observed, due to the irreversible and therefore exhaustive electrolysis in the thin layer. Figure 4b shows the corresponding DCVA curves. Besides the DCVA peak A1¢ corresponding to the CV peak A1, a negative DCVA peak appeared only on the curve of 293 nm when the potential exceeded 0.9 V. The presence of this new DCVA peak indicates that the oxidation product QuQ in solution was oxidized further along with oxygen evolution when the applied potential > 0.9 V, leading to the destruction of the united conjugated structure.
Derivative cyclic voltabsorptometry of the subsequent redox processes
Since no DCVA peaks appeared corresponding to the CV peaks A2, A3, C1 and C2, Eqs. (1) and (2) are also applicable for resolution of the DCVA data in these potential ranges (not beyond 0.9 V). The "CV" curves obtained for Qu and QuQ in solution are shown in Fig. 4c , in which only one peak A1 appeared. This peak extends across a potential range of 0.42 -0.9 V, suggesting that QuQ could form and exist stably in solution over such a wide potential span. The anodic peaks A2 and A3 as well as the cathodic peaks C1 and C2, which only appeared in the measured CV curve (1), should be adsorption waves corresponding to the further redox of the adsorbed intermediates (not subjected to the isomerization occurring in solution). In this case reflectance spectroelectrochemistry can be used for better identification of the species adsorbed on electrode surfaces. 
Conclusions
The present work has investigated the redox processes of quercetin (pH 1.8) over a wide potential range by in situ spectroelectrochemistry. A stable quinonic product with a united conjugated structure could be formed in solution at the first anodic peak or higher potentials via a homogeneous isomerization of quercetin o-quinoid following the electron transfer, and this product was non-electroactive unless oxygen evolution potential was reached. Both quercetin in free solution and that pre-adsorbed on electrodes participated in the reaction at the first anodic peak, and the contribution of quercetin in solution to the total current was estimated; this contribution predominated at slow scan rates (<5 mV s -1 ). The subsequent anodic peaks as well as all the cathodic peaks were adsorption waves corresponding to the further redox of the adsorbed intermediates. The results demonstrate that derivative cyclic voltabsorptometry in a long-optical-path cell is a feasible method for the analysis of electrochemical processes coupled with adsorption and homogeneous transitions. (2) in Fig. 4(c) were derived from the first cycle DCVA data and attributed to Qu and QuQ in solution, respectively, and curve (3) is the corresponding CV recorded experimentally. Other conditions are same as Fig. 3 .
